High-K isomers are well known in the rare-earth region and provide unique access to the high spin structures of the nuclei. With the current interest in the study of neutron-rich rareearth nuclei at Radioactive Ion Beam facilities, we present here theoretical results of the band structures of neutron-rich Gd and Dy nuclei, including the high K isomers. Apart from those already known we obtain some more K-isomers and these are suggested for future studies at RIB facilities. Self-consistent Deformed Hartree-Fock and Angular Momentum Projection theories are used to get the intrinsic structures, spectra and electromagnetic transitions.
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I. INTRODUCTION
Nuclear isomers [1, 2] are excited, metastable quantum-mechanical states of nuclei. The quantum degree of freedom, K, which is the angularmomentum projection onto the symmetry axis of a deformed nucleus, is usually a good quantum number. Because of K selection rule [3] , decay from a high-K state to low-K state can be hindered. Therefore, they have longer half-lives than usual excited states and form high-K isomers. K-isomeric states appear widely throughout the nuclear chart [1] . Moreover, high-K isomers systematically occur in neutron-rich nuclei with A ≥150 which typically have deformed prolate shapes. Nuclear K-isomers decay predominantly by electromagnetic processes (γ-decay or internal conversion). There are also known instances of the decay being initiated by the strong interaction (α-emission) or the weak interaction (β-decay or electron capture). Decay by proton or neutron emission, or even by nuclear fission, is possible for some isomers. The K-isomers serve as unique access to high-spin structure of neutron-rich nuclei. Therefore, the study of nuclear isomer, their occurrence and stability gives insight on nuclear structure of nuclei. The exploration of nuclei with isomeric states is also interesting from astrophysical point of view to determine how they affect the nucleosunthesis paths and the creation of elements heavier than Fe in the Universe [4] .
The single-particle structure of nuclei in the deformed rare-earth region is still an interesting topic. In the A∼ 160 mass region nuclei, high-Ω (projection quantum number on symmetry axis) orbits are available near the Fermi surfaces. Therefore, nuclei this region are prime candidates for high-K isomers [1, 5] . The decay of these high-K isomers to the ground band, which is predominantly K=0 for even-even nuclei, is hindered due to large difference in the K-values of the isomers from the ground band. The presence of isomeric states and hence their decay to low-lying states provide insight into the nuclear structure, specially collectivity in these nuclei. It has long been recognized that the nature of nuclear collectivity at low spins depends on the number of proton and neutron valence particles or holes outside the closed shells [6, 7] . Therefore, the high degree of axial symmetry and large deformation are expected for a doubly midshell nucleus. It means that one might expect 170 Dy to be an excellent candidate for having a very long lived K-isomeric state with pure configuration where the large Ω orbits are available near the Fermi surfaces. An earlier calculation [8] using the total Routhian surface (TRS) and configuration constrained potential energy surface (PES) methods predicted that pure, axially symmetric deformed shape is favored for mid-shell nuclei 170 Dy. This is also supported by Skyrme Hartee-Fock and Projected HartreeFock calculations in Ref. [9] . In both the articles, a high-K isomer at low excitation energy is predicted [8, 9] . However, a recent measurement [10] shows that the K π = 6 + isomer decay hindrance factor is reduced by an order of magnitude compared to the predictions. Söderström et. al. [10] claim that the reduced hindrance is due to mixing with other K-configurations. Recent calculations using the triaxial projected shell model show a strong correlation between the isomer hindrance and the properties of the γ−band for heavier N=104 isotones [11] . In the recent years many 2qp-isomers are known experimentally for N=100-104 isotones ( [12] [13] [14] [15] [16] and refs. therein). Spectroscopic properties of high-K isomers in deformed nuclei with A > 100 are recently evaluated in Ref. [17] . Interestingly, using isomer decay spectroscopy, the results of Patel et. al. [14] show the increased quadrupole collectivity near N=100 for Sm and Gd nuclei as predicted in Refs. [18] . From astrophysical abundance pattern, apart from the prominent peaks at A ∼ 130 and A ∼ 190, there is a small bump near A − 160. This is well-known as the rare-earth element (REE) peak. It has been suggested that the deformation plays important role in the formation of the REE peak [19] . Although, the structure of neutron-rich nuclei in the rare-earth region has broad range of interests, spectroscopic information are very limited. With the advancement of radioactive-ion beam facilities (e.g., RIBF at RIKEN) many experiments have been performed for nuclei in this mass region [10, 14, 15, [20] [21] [22] . In fact, the rare-earth nuclei at N=100 and beyond are candidates for study of neutron-rich nuclei at the experimental facilities [23] . Given the fact that neutron-rich nuclei are topic of much current interest, it is proper to have theoretical results and predictions of deformations and possible K-isomers in this active region using microscopic models. These will further facilitate the experimental investigations. Deformed HartreeFock theory [24] (based on variational principle) for intrinsic structure and Angular Momentum Projection [25] for restoration of rotational symmetry are excellent tools for such study.
Here we study theoretically the systematic of isomeric bands and their electromagnetic properties rare-earth nuclei employing the deformed Hartree-Fock (HF) and Angular Momentum (J) projection method [24, 26] . Residual interaction is included in self-consistent calculations in building the deformed basis in this theory. From the self-consistent HF calculation we build the intrinsic states of the bands by particlehole excitations across the proton and neutron Fermi surfaces (the various particle-hole configurations based on HF intrinsic states), besides the Hatree-Fock configuration. J-projection from the deformed intrinsic configurations gives the spectra and electromagnetic properties of various bands [26, 27] . Diagonalisation after projection can be done. This model, with the residual interaction built into the HF states, is very close to the shell model as has been shown in earlier studies [28, 29] .
II. DEFORMED HARTREE-FOCK ANS ANGULAR MOMENTUM PROJECTION
The model used by us is based on a quantum many-body method which has been quite successful in explaining high spin states in rareearth region [18, [30] [31] [32] and light mass region [33, 34] also. It is based on deformed HartreeFock theory for the intrinsic states and Angular Momentum Projection (J projection, for short) for the physical states based on these intrinsic states.
The deformed HF basis is enriched compared to the Nilsson basis as the pp, nn and pn correlations are built in by the inclusion of residual interaction in a self-consistent manner through the HF iteration procedure. Occupation of the lowest HF orbits by the active neutrons and protons forms the ground band (K=0) intrinsic configuration. An intrinsic wave function | Φ K is a superposition of states of good angular momenta which are projected using the angular momentum projection operator:
The angular-momentum-projected normalized states are given by
The energy of the states are obtained from the Hamiltonian overlap given by,
with N I KK = Φ | P IK K | Φ . N I KK represents the intensity of angular momentum I in a K configuration.
Reduced matrix element of a tensor operator T L of polarity L, between projected states ψ
and ψ
K2 is given by 
III. RESULTS AND DISCUSSION
In deformed (axial) Hartree-Fock and angular momentum projection (DHF) technique [for details see [26, 34] and references there in] we start with a model space and an effective interaction. The model space is presently limited to one major shell for protons and neutrons lying outside the 132 Sn core. Surface-delta Experimental data are taken from [35, 36] interaction (strength has been taken to be 0. The nuclei studied in the present work are axially symmetric deformed nuclei, therefore very much likely leading to nuclear K-isomer. Here we comment on the systematics of the proton neutron quasiparticle excitations involving large Ω orbits (of different parities ) near the respec- tive Fermi surfaces (can be seen in Fig. 1 ). Such excitations are candidates for isomers, some of which have already seen for nuclei in this region [32] . The HF orbits (5/2 − , 7/2 − , 9/2 − ) near the proton Fermi surface are built on h 11/2 . Similarly, the HF orbits near the neutron Fermi surface are built on i 13/2 . The orbits near the Fermi surfaces (both proton and neutron) are particularly important for K-isomers to occur and sensitive to deformation properties. Before going to further discussion, we want to quantify the deformation behaviour of Gd and Dy isotopic chains. This will further test the ability of the present mean-field calculations in the description of general behaviour of nuclei in this mass region. As proton and neutron orbits are filled up beyond the closed-shell, the deformation increases and hence the collectivity. The maximum deformation is expected at the middle of the shell. The 170 Dy isotope with Z=66 and N=104 has largest number of valance particles for any isotope with A < 208. Hence, 170 Dy considered as the most collective nuclei in its ground state [8] . However, experimental data are not available at present for this isotope. In Fig. 2 , we have plotted the quadrupole deformation (β 2 ) parameter for N=90 to 106 isotopes of Gd and Dy. The quadrupole and hexadecapole moments for the prolate Hartree-Fock solutions are given in Table I . Our DHF results for β 2 are compared with available experimental [35, 36] as well as RMF [41] and FRDM [42] calculations. All the theoretical values including DHF results values are systematically lower than the experimental data. But the overall trends are correctly reproduced. The β 2 values steadily increase with N and nearly stabilized after N=96 with maximum at N∼100. It shows that β 2 value trends to decrease beyond N=102. From Table I we can see that the nuclei presently studied possess static large ground-state quadrupole moments.
The N=104 marks the midshell nuclei in this mass region, therefore rotational structure with maximum collectivity is expected [20] . However, maximum collectivity is observed for some nuclei at lower N values (N∼98) [14, 15, 43] . Despite the actual values of N for which maximum collectivity occurs, Gd and Dy nuclei near N=104 are marked by large deformation at their ground state. This may be due to the detailed structure and ordering of the deformed orbits near the Fermi surfaces. Therefore, rotational yrast bands are expected for these nuclei. The yrast bands are shown in Fig. 3 for N=100, 102 and 104 isotopes of Gd (a-c) and Dy (d-f). The rotational structure and level spacings of the yrast bands are well reproduced for the known cases.
K-isomers may arise from the breaking of one or more coupled nucleon pairs to form multiquasiparticle (multi-qp) states. The single particle orbits near the proton and neutron Fermi surfaces are responsible for the configuration, excitation energy and other properties of the isomers. As shown in Fig. 1 , the HF orbits near the neutron Fermi surface of 168 Gd are built on h 9/2 and i 13/2 orbits with admixtures from others. Excitation of a neutron from 5/2[512] to 9/2[624] forms the K π = 7 − intrinsic structure. Angular momentum projection (AMP) from this configuration gives rise to the 2qp band based [14] b extracted from Ref. [14] c Ref. [10] on K π = 7 − isomer. Similarly, the proton Fermi surface is built on g 7/2 and h 11/2 orbits with ad- mixtures from others. By exciting one proton from -5/2[413] to 7/2[523] forms K π = 6 − 2qp isomer. Then neutron and proton 2qp configurations are coupled to give K π = 13 + 4qp structure. The high-K isomers and rotational bands based on the isomers are shown in Fig. 3 . The configurations of the isomers and their energies along with quadrupole moments as well as gfactor are listed in Table II . Recently, K-isomers near N = 100 nuclei are observed for 162,164 Sm [14, 15] , 163 Eu [15] and 164,166 Gd [14, 15] . In Ref. [14] , Patel et. al. shown the enhancement of collectivity near Z ≤66, N = 100 nuclei as predicted in Refs. [18, 44] . Later, Yokoyama et. al. [15] also obtained similar results. The possible reason of this behaviour is the on-set deformation in these nuclei. The deformation (β 2 ) nearly saturates after N = 98. K π = 4 − and 3 + 2qp-isomers are observed experimentally and explained with deformed Hartree-Fock model [15] . In the present calculations we have considered, however, isomers with K ≥ 6. In 164 Gd, we have predicted a K π = 6 − isomer at fairly low energy, around 1.5 MeV. This isomer is based on neutron two-qp excitation and the main configuration is assigned to be ν5/2[512] ⊗ ν7/2[633]. The predicted fourqp isomers are predicted at higher energy, above 3.0 MeV.
A K π = 6 − isomeric state at 1.288 MeV is experimentally observed for 166 Gd [14] . This isomer has the configuration 5/2[413] ⊗ 7/2[523]. In DHF calculations, we obtained the isomeric state at 1.554 MeV, around 260 keV higher in energy. Our DHF results agree well with the experimental value. Moreover, from the quoted β 2 value in Ref. [14] , we extracted the spectroscopic quadrupole moment (Q s ) using the formula of Ref. [35] . The experimental extracted value, which is 4.073 eb is nicely reproduced by DHF calculations (4.251 eb). We also predicted, two more two-qp configurations based on proton excitation and four-qp configurations, as listed in Table. II.
In 168 Gd, two-quasineutron isomer with configuration ν5/2[512] ⊗ ν7/2[514] is obtained at very low-excitation energy E ≈860 keV. This K π = 6 + isomer possibly have longer halflife because of large hindrance factor. Also a (23) keV [10] . Our DHF calculations give the excitation energy of the K = 6 + isomer about ∼1.0 MeV. It can be mentioned that, in DHF model pairing is not exclusively included. The paring is taken care by mixing of 2p − 2h, 4p − 4h pairing-type extensions. But earlier Rath et. al. [9] using density-dependent Hartree-Fock calculations with BCS pairing correlations show that deformation energy for this nucleus does not depend strongly on the effect of pairing. However, the potential energy surface calculations in Ref. [10] requires larger neutron-neutron (nn) pairing strength to reproduce experimental data. Another two-qp isomer (K π = 7 − ) is also identified at keV with configuration ν7/2[514] ⊗ ν7/2 [633] . We also observed 4qp isomers with 2π ⊗ 2ν structure with excitation energy below 3.0 MeV. These isomers and their properties are given in Table II . Some of them are prediced at low excitation energies.
For the completeness of the present study, we also study the transition probabilities of the ground band as well as bands based on the isomers. Electromagnetic transition probabilities are important quantities to test the collectivity of the nuclear states. The comparison of calculated electromagnetic properties (e.g, B(E2), B(M1), g-factor etc.) with experimentally available data ensures the reliability of the wave functions used to obtain them. Unfortunately, due to experimental difficulties information on electromagnetic properties are extremely scarce for the nuclei presently studied. The B(E2) transition probabilities are depicted in Fig. 4 and Fig. 5 for Gd and Dy isotopes, respectively. The proton effective charges e π = (1+ Z A )e and for the neutron e ν = (2.1 × Z A )e are used [35] . The B(E2;2 164 Gd is only known from experiment and measured to be 198 +11 −9 W.u. [37] . We calculate it to be 170 W.u., which is compared well with the experimental value. The smooth variation of transition probabilities support the rotational structure of this deformed nuclei for the ground bands. For K-isomeric bands, at lowspins, B(E2) values are small. At low spins, the isomeric configurations are rather pure. As spin increases for a given isomeric band, more and more configurations are mixed. So collectivity increases and hence in band B(E2) values. These are apparent from the Figs. 4 and 5.
In Fig. 6 , we have shown the B(M1) transition for isomeric bands. The g-factors of g l = 1.0µ N and g s = 5.586 × 0.75µ N for protons and g l = 0µ N and g s = −3.826 × 0.75µ N for neutrons are used for the calculations. The quenching of spin g-factors by 0.75 is taken in account to consider the core polarization effect [45] . As these nuclei have similar deformation, therefore the bands with similar quasi-particle configuration show nearly same trends. The large M1 transition probabilities for K = 6 + band (based on proton 2qp-excitation) are noticeable for almost all nuclei studied here except for 168 Gd.
IV. SUMMARY
High-K isomers for the midshell Gd and Dy isotopes are studied with the self-consistent Deformed Hartree-Fock model. Angular momentum projection is performed to study bands built on the ground and excited intrinsic configurations and K-isomers. The deformation properties of these nuclei are discussed. The β 2 deformation varies smoothly beyond N=96 with maximum around N=102 for these nuclei. The known isomers are well reproduced in the present calculations. Electromagnetic properties (quadrupole moment and g-factor) of the isomers are also calculated. From the systematics, two-and four-quasiparticle isomers at lowexcitation energies are predicted for these isotope and their main-configuration as well as electromagnetic properties, which are important for experiments, are listed. These high-K isomers give unique access to the high-spin spectroscopy of hard-to-reach nuclei in the neutron-rich deformed rare-earth nuclei. Experimental information about high-spins for these neutron rich nu- clei are very sparse and our results for the highspins give some insight and trends. The present systematical study will further aid for the experimental quest on high-spin structure with the current generation of facilities.
